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SUPERSONIC AERODYNAMIC HEATING OF A YAWED
SPHERE~-CONE WIND-TUNNEL MODEL

Prepared by:

S. M, Hastings and A, J. Chones

ABSTRACT: The steady-state pressure and heat-transfer
distributions on a sphere-cone configuration with laminar
boundary layer have been determined in a wind tunnel at

yaw angles, 0° and 60, and at nominal Mach numbers, 3 and

5. Comparison of the 00 yaw local heat-transfer rates withb
those of the windward body streamline at 69 yaw show a
maximum increase for corresponding body stations of approxi-
mately 100 percent, The 0° yaw heat-transfer results show
good agreement with the recent theory of Powers and Krahn,
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Presented in this report are the results of an experimental
investigation of the heat transfer to a sphere-cone model
at 09 and 6° yaw in supersonic flow obtained in the NOL
Supersonic Tunnel No., 2 during the calendar years 1957 and
1958, The bulk of the data has been reported previously in
periodic Progress Reports,

This investigation was sponsored by the Army Ballistic
Missile Agency under Task Number NOL-300,

The authors wish to specifically recognize the material
contributions made by tre following individuals to the
successful conclusion of this investigation: Mr. J. landolo,
for the mechanical design of the model and the roll support
device; Mr, H. McDonald, for his conception and use of
original manufacturing procedures during the model con-
struction; Mr, R, Sullivan, for his excellent instrumentation
of the mocdel; Dr. W, Menzel, for providing the special analog
to digital data handling system; Mr, W, Glowacki, for smoothing
the angle of yaw data on the IBM 653; and Mr, T, Orlow, for
solving the Four‘er Heat Equation in three dimensions on the

IBM 704.

W, D, COLEMAN
Captain, USN
Commander

R, KENNETH LOBB
By direction

ii



NAVORD Report 6812

CONTENTS
Introduction . . . & ¢ ¢ ¢ ¢ ¢ ¢ o o o
Model, Equipment, and Test Facilities
Results and Discussions ., . . « « « &
Pressure-Distribution Data ., . . . &
Temperature-Distribution Data , , .
Heat-Tl‘anSfer Data [ . ') . [ L) [ [ L]
Concluding Remarks . « « « ¢ ¢ o ¢ o o
References . o« o« ¢« ¢ o ¢ o o« o o o o o

Appendix A , . . . .

iid

NOOOMUMUL WL =~ =]

bt

o



Figure
Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

10

11

12

13

14

15

16

NAVORD Report 6812

ILLUSTRATIONS
Drawing of the Sphere-Cone Model
Photograph of the Sphere-Cone Configuration

Calibration of Stainless Steel Type 347
Constantan Thermocouples

Photograph of the Disassembled Sphere-Cone
Configuration, Sting, and Sector

Schematic Diagram of the Setup of the Experiment

Local Static-Pressure Distribution Over the
Sphere-Cone Model at M; = 3.24 and a = 0°

Local Static-Pressure Distribution Over the
Sphere-Cone Model at M; = 4.84 and a = 0°

Local Static-Pressure Distribution Over the
Sphere-Cone Model at M; = 3,24 and a = 6°

Local Static-Pressure Distribution Over the
Sphere-Cone Model at M; = 4.84 and @ = 6°

Surface-Temperature Distribution Over theo
Sphere-Cone Model at Ml = 3,24 anda =0

Surface-Temperature Distribution Over the
Sphere-Cone Model at Mj; = 4,84 and a = 0°

Local EKeat-Flux Distribution Over the Sphere-
Cone Model at M; = 3.24 and a = 0°

Local Heat-Flux Distribution Ove.  the Sphere-
Cone Model at M; = 4.84 and a = 0°

A Comparison of the Experimental and Theoretical
Absolute Local Heat Flux Over the Sphere-Cone
Model at M; = 3.24 and @ = 0°

A Comparison of the Experimental and Theoretical
Absolute Local Heat Flux Over the Sphere-Cone
Model at M; = 4.84 and a = 00

Dimensionless Heat-Transfer Parameter Over the
Sphere-Cone Model at a = 0°

iv



Figure

Figure

Figure

Figure

Table
Table

Table

Table

Table

Table

Table

Table

17

18

19

20

II

I1I

IV

VI

VII

VIII

NAVORD Report 6812

ILLUSTRATIONS
Local Temperature Distribution Along the
Outside Surface of the Sphere=-Cone Model
at M; = 4,84 and a = 6°

Local Heat-Flux Distribution Over the Sphere-
Cone Model at M; = 4,84 and a = 6°

Dimensionless Heat-Transfer Distribution Over
the Sghere-Cone Model at M} =4.84 and a = 0°
and 6° (8 = 0° and 1809)
Dimensionless Heat-Transfer Parameter Over
Two Sphere-Cone Models at a = 5° and 6°
(B = 0° and 180°)

TABLES
Thermojunction Locations

Pressure Orifice Locations

Local Pressure Ratios on the Sphere-Cone
Model at M; = 3.24

Local Pressure Ratios on the Sphere-Cone
Model at M; = 4.84

Local Temperature Distribution on the Sphere-
Cone Model at M - 3.24

Local Temperature Distribution on the Sphere-
Cone Model at M; = 4.84

Local Heat-Transfer Ratios on the Sphere-Cone
Model at My = 3.24 and Mj; =~ 4.84, a = 0°

Local Heat-Transfer Ratios on the Sphere-Cone
Model at M; = 4.84 and a = 60



Nu/ Re

v W ©

o O O
o

S'

NAVORD Report 6812

SYMBOLS

heat-transfer coefficient
a characteristic length
Mach number

Nusselt number

dimensionless heat-transfer parameter =
h £ o (9w 98).
K P %

local static pressure

total pressure

Pitot pressure

local heat flux

stagnat’on point heat flux

radius of the base of the model = 4,017 inches
Reynolds number

model contour length measured from the point
of intersection of the spherical nose and the
axis of symmetry., This point corresponds to

the aerodynamic stagnation point at a = Q°

model contour length measured from the aero-
dynamic stagnation point

temperature °K
velocity

angle of yaw in degrees

= Positive a

vi
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8 = roll angle in degrees (B = 0° is windward and
B = 180° is leeward)

-

Positive B
Flow directed into the paper
AT = difference between calculated and measured
temperatures
2] = angular distance on spherical nose measured

from the axis of symmetry
B = viscosity
P = density
0T/ 08 = rate of change of temperature with roll angle

du/ 9S = local velocity gradient outside the boundary

layer
Subscripts
o = supply conditions
1 = conditions upstream of shock wave
c = calculated values
e = adiabatic wall conditions
m = measured values
W = wall conditions

vii
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INTRODUCTION

l, Challenging problems stem from the severe thermal
environment to which re-entry vehicles are subjected, Since
the aerodynamic heating, caused by fluid friction, is one of
the principal considerations in the design of re-entry vehicles,
great effort has been devoted to the study of these heating
effects, For several years, the blunting of noses of re-
entry vehicles has been used as a means of alleviating the
attendant aerodynamic heating., Since theory does not predict
adequately the heat transfer to blunt bodies at angle of

yaw, experimental data are needed. The purpose of this report
is to present local heat-transfer measurements along a sphere-
cone configuration with laminar boundary layer at nominal Mach
numbers of 3 and 5, including the effects of yaw,

MODEL, EQUIPMENT, AND TEST FACILITIES

2, Prior to embarking on this investigation, much thought
was given to the choice of an experimental technique., After
lengthy consideration, a steady-state technique was chosen,
as opposed to a transient technique, Some of the factors
which prompted this decision are enumerated hereafter,

a. There is ample time available to make careful
measurements,

b. A range of model coolant temperature to tunnel
stagnation temperature ratios can be obtained easily and can

be repeated,

c. The steady-state models are more difficult to build
and instrument than are the transient models, However, this
additional effort is more than compensated for by the rela-
tive ease of data reduction,

d. The transient models are fragile as compared to the
steady-state models,

e. The presence of the thermojunction does not alter
the temperature field of the model wall nearly so much in
the steady-state case as in the transient case,

f. Regardless of the magnitude of the heat-transfer
rate, the data may be obtained in digital form in the steady-
state case. Such data may be completely reduced by high-speed
computing machines., High heat-transfer rates imply rapid
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response time in the transient case. Most digital data
handling systems are not fast enough to be used in
obtaining rapidly changing transient data. Consequen:ly,
analogue recorders, with their inherent time-response
difficulties, are generally used in this application. 1In
any event, the transient technique requires the determi-
nation of the slope of an experimentally determined curve.
Such slopes are difficult to determine with any degree of
precision.

€. There are no physical assumptions made in solving
the steady-state conduction problem. For solviaog the
transient problem, the assumption is made that the body is
isothermal at time zero which is difficult to achieve
experimentally for the angle-of-yaw case. Admittedly, the
transient data may be corrected for conduction other than
that normal to the body. However, the corrections sometimes
exceed in magnitude the value of the desired quantity. Such
& situation is most undesirable, for obvious reasons.

h. In summary, it appears that the steady-state tech-
nique yields very precise results. The outstanding attributes
of the transient technique are the simplicity of model design
and instrumentation and the rapidity with which data may be
obtained. If extreme precision is not required, the use of
the steady-state technique is not justified because of the
greater expense and time requirements.

3. The axisymmetric sphere-cone configuration (Figures 1 and
2) was constructed of type 347 stainless steel. Reduction

of the data obtained from this model was somewhat simplified
because the thermal conductivity of the steel varies linearly
with temperature over the entire range considered during

this investigation. Further, the coefficient of thermal
conductivity 1is small, insuring a sufficiently large temper-
ature difference (AT > 19K) across the model wall. Determi-
nation of the thermal conductivity as a function of temperature
of the stainless steel used in the fabrication of the model
was made by the Rational Bureau of Standards; thz method and
results are presented in reference (a). The sphere-cone
model had a half-cone angle of 13920', a one-half inch wall
thickness, a base diameter of 8.034 inches, a carefully
wachined shape, and a f.ne surface finish. It was instru-
mented with 64 thermojunctions along a meridian line (body
streamline) on both the inside and outside walls. Table I
lists inese locations. Each of the thermojunctions were
formed by welding a 0.005-inch diameter constantan wire onto
the model surface. The stainless steel of the model then
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formed one side of all the thermojunctions, Three precisely
machined stainless steel plugs, each instrumented with five
thermojunctions, equally spaced, were placed into holes
provided for them in the model wall, Plugs were located at
the base of the cone, at the tangency point of the cone and
sphere, and midway between the model stagnation point and
the tangency point, Each of the model thermocouples was
calibrated over the desired temperature range, Standard
copper-constantan theimocouples, which had been calibrated
for NOL by the National Bureau of Standards, were used as the
reference, The entire model calibration was conducted in a
large temperature controlled bath of silicone o0il, Results
of the calibration are presented in Figure 3. The model

was also instrumented with eleven pressure orifices 0,025
inches in diameter, the locations of which are listed in

Table II,

4, Figure 4 is a photograph of the disassembled model,
sting, and sector, When assembled, the inner body was
inserted into the nose of the model, The function of the
inner body was to distribute coolant fluid onto the inside
surface of the model in an attempt to achieve an isothermal
outer wall., Figure 5 is a schematic diagram of the setup of
the experiment, In addition to upstream and downstream move-
ments, the sting and sector support system allowed the yaw
and roll angle to be controlled ani determined from outside
the tunnel while the tunnel was in operation. The model was
cooled internally by flowing DC 200 silicone o0il through the
sting and model at approximately fifty gallons per minute.
The o0il was cooled in a heat exchanger designed to maintain
the coolant at 2159K, A mixture of solid carbon dioxide and
alcohol was used to achieve this temperature. h

S. The investigation was carried out in the NOL Supersonic
Tunnel No. 2 which is described in reference (b). The
nominal operating conditions were:

M p T Re,/meter ] \/ P \
o DL
mm ﬂg abs, oy \ /7M j
3.24 1214_ 335, 9.0 x 108 /
4,84 2220 320 8.5 x 106

6. Since the phenomenon under investigation was steady-state
heat conduction, the tunnel supply conditions and the temper-
ature difference through the model wall had to be maintained
constant with time, Eoth temperature and pressure distributions
on the model Wwere measured concurrently to eliminate any error
introduced by small non-steady-state conditions,
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7. The pressure measurements were made on the sphere and
cone of the model using Kendall precision mercury and oil
manome ters (reference (c)). The local flow conditions along
the outer edge of the boundary layer were calculated, using
the flow tables of reference (d), from the pressure distri-
butions with the assumption of an isentropic flow from the
model stagnation point,

8. Temperatures were measured both on the inner and outer
surfaces of the sphere, cone, and base of the model using

the analog to digital converters, PADRE (reference (e)),

and SADIC (reference (fl). The temperature measuring

system was accurate to I 0,03°C, 1In addition to the wall
surface measurements, temperatures were read through the
model wall at the three plug locations, At 6° yaw angle,

the model wuz rolled 1800 in 15° increments and measurements
were taken at each roll increment., Unfortunately, the tunnel
supply temperature and model coolant temperature could not

be kent absolutely constant for the eignt to ten hours
required to complete the measurements at all the roll angles,
In order to normalize the data with respect to the tunnel
supply temperature and model coolant temperature, two require-
ments had to be fulfilled. First, essentially steady-state
conditions must prevail while the measurements for one roll
angle are being made, Second, the difference between the
tunnel supply temperature and the model coolant temperature
nust not vary more than 1,0 or 1.5 percent during the time
required to make the measurements at all of the roll angles,
Both the Mach 3.24 and 4.84 data met the first requirement,
However, the Mach 3,24 case did not meet the second require-
ment, Unfortunately, the difference between tunnel supply
temperature and model coolant temperature varied as much as

4 percent, a fact which made it impractical to normalize the
data., However, it must be emphasized that the Mach 3,24 data
did meet requirement one, namely, that essentially steady-
state conditions did prevail while measurements of each
individual roll angle were being made,

9, The procedure used for normalizing and smoothing the

M, = 4,84 data is described in Appendix A, It resulted in

a 'smoothed temperature distribution having a maxXximum devi-
ation of the order of 1 percent from any of the experimental
values, The steady-state heat flux was then calculated on

an IBM 704 using the Liebmann method for solving the partial
differential equations associated with the problem of steady-
state heat conduction in shells composed of a spherical nose
on a conical body, This is discussed quite thoroughly in

reference (g).
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RESULTS AND DISCUSSIONS
Pressure-Distribution Data

10, The pressure distribution over the sphere-cone model
at My = 3,24 and zero yaw is presented in ¥Yigure 6, For
comparison, a Newtonian distritution has been included.
The experimental points agrece quite favorably with the
Newtonian distribution both on the spherical and conical
portions of the body.

11, Figure 7 presents the pressure distribution over the
Sphere-cone model at M; = 4.84 and zero yaw., In addition
to the Newtonian curve, experimental data at M, = 5.4
(reference (h)) has been included for comparisons, The
experimental results from both investigations agree quite
well with the Newtonian distribution on the sphere except
at the point of tangency where they depart abruptly. On
the cone the experimental data agree fairly well with the
Newtonian calculations,

12, Figures 8 and 9 show the 6° yaw pressure distributions
at My = 3,24 and My = 4.84, respectively. The data wrve

measured over a roll angle range of 0° to 180°, A casual
comparison of the experimental data with the theoretical
curves indicates that the agreement is good, However, the
Newtonian distributions calculated for B = (00 and B = 180°
are up to 16 percent higher than the experimental points

on the spherical portion of the body. Further, the experi-
mental data deviate from the Newtonian in the region of the
tangency point, then approach the Newtonian prediction on

the cone,

13, Tables III and IV are tabulations of the pressure ratio
(p/P ) for each measuring station at M} = 3,24 and M; = 4,84,
respectively. Both tabulations present data at 09 and 6°
yaw, The angle-of-yaw data include measurements at roll
angles from 09 to 180° in 15° intervals,

Temperature-Distribution Data

14, Typical zero yaw-temperature distributions at M; = 3,24
and M; = 4.84 are presented in Figures 10 and 11, respectively,
These plots are representative of the zero-yaw data included in
Tables V and VI and of the type of temperature distributions
obtained on the sphere-cone model., These data, as well as
other sets of the tabulated data, were used to calculate the
heat flux to the sphere-cone body. It should be pointed oucz
that none of the experimental results presented in this report
are an average, Xach distribution represents data from one

wind-tunnel run,
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15. Table V presents 0° and 69 yaw temperature measurements
at M] = 3.24. Only the experimentally determined temperatures
have been tabulated for this Mach number since, as previously
pointed out in Paragraph 3, it was not feasible to normalize
the angle-of-yaw data. The table includes outside surface
temperatures, plug temperatures, inside surface temperatures,
S/R, yaw angle, and roll angle.

16. Temperatures at M) = 4.34 are presented in Table VI.
Along with 09 yaw aata, temperatures at 6°© yaw and 0° to
1309 roll are tabulated. Included in the tabulation of the
60 yaw data are the following quantities; S/R, calculated
and measured outside, 1inside, and plug temperatures, and
AT (difference brtween smoothed and measured temperatures).

Heat-Transfer Data

17. Figure 12 presents the heat-flux distribution at M; =
3.24. The local heat-flux Q has been made dimensionless

with respect to Qg, the heat flux at the model aerodynamic
stagnation point. It is interesting to note that the heat flux
reaches a maximum at S/R = 0.0818. Local maxima are also evi-
dent along the downstream portion of the conical body. There
1s presently no suitable explanation for the presence o. these
maxima. The phenomenon of the maximum heat transfer occurring
away from the aerodynamic stagnation point was also detected
at M; = 4.84 and is presented in Figure 13. Similar obser-
vations have been reported by a number of people. Winkler

and Danberg (reference (i)) measured the phenomenon at S/R =
0.0975, while Stine and Wanlass (reference (j)), Cresci and
MacKenzie (reference (k)), and Crawford and McCauley (refer-
ence (1)) measured it at S/K™X 0.2, 0.2, and 0.03, respec-
tively. Only one of the above mentioned references discusses
the phenomenon at all. Winkler and Danberg state that at

S/R = 0.0975 the temperature difference \Te - Ty) is a
maximum causing maximum heating in that region. Kuethe,

et al., in reference (m), have made hot-wire measurements

in the stagnation point region of blunt bodies in supersonic
flow. These measurements indicate that the stagnation point
moves around in a random fashion which is somewhat analogous
to the phenomenon reported herein.

13. Both Figures 12 and 13 include base heat-transfer data.
Several assumptions were necessary in order to determine the
local heat flux from the temperature-distribution data. The
afterbody was assumed to be a spherical section of uniform
wall thickness. This is the ''so-called" ''assumed afterbody"
of Figure 1. The actual afterbody is a spherical section,
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but does not have constant wall thickness, The IBM machine
program for determining the local heat-flux ratios from a
solution of the Fourier equation for stecady-state conduction
was restricted to a spherical section of constant wall
thickness., Further, the extrapolated temperaturc distribution
through the wall was obtained by assuming that the isotherms
in the downstream portion of the conical forebody were parallel
to the inner and outer walls, That section of the afterbody
occupied by the sting was assumed to be at the temperature of
the model coolant, Consequently, the subject base heat-
transfer data should be viewed with caution because of the
assumptions made and because the effectively large diameter
sting undoubtedtly affected the wake flow and altered its
characteristics,

19, Experimental zero yaw heat-transfer data are compared
(Figures 14 and 15) with the values obtained using the theory
of Powers and Krahn, which was developed primarily for high-
temperature laminar flows (reference (n)). The theory de-
termines the heat transfer associated with a laminar boundary
layer by the simultaneous sclution of the momentum and energy
integral equations using a two boundary-layer thickness
approach (i.,e.,, thermal and viscous), For the specific re-
sults shown herein, the thermodynamic and transport properties
incorporated in the procedure were represented by curve fits
to data presented in NBS Circular 564 (reference (o)). The
heat-transfer data are presented in the form of absolute heat
flux, and the theoretical curve agrees quite well with the
experimental results except in the stagnation point region
where the deviation is up to 20 percent, At M; = 3,24

(Figure 14), the theoretical and experimental values agree
from S/R = 0,1358 to the base of the model; while the M, =
4,84 case (Figure 15) does not show agreement until an é/n
value of 0,3054, The agreement in the stagnation point region
could be greatly improved by a better determination of

( du/ 68)s =0 (the dimensionless velocity gradient at the

model stagnation point)., Since the heat transfer is dependent
on ( du/ 9 S)S = (» Jccurate velocity measurements are

needed for good stagnation point agreement, This is
demonstrated by the fact that away from the stagnation point,
where the percentage of error in velocity measurements is
lower because of increased local velocity, the theoretical
and experimental results agree quite well.

20, Figure 16 compares two sets of experimental data and
the theoretical curve of Powers and Krahn, The heat-transfer
data is presented as the dimensionless heat-transfer coefficient
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(Nu/ “V Re). The model used to measure the data presented
in reference (p) is similar to the sphere-cone model used
in the present investigation, It consisted of a one-inch
diameter spherical nose, a cone half angle of 20 degrees,
a base diameter of 3.75 inches, and a wall thickness ot
0.050 inches, The heat transfer was determined by the
transient technique, DBoth sets of experimental data show
excellent apgreement with each other and with the theoretical
curve, except in the region of the stagnation point. This
again brings up the problem of measuring the velocity gradient
( du accurately, because it appears in the +/Re
3T)s =0

term as weil as in the theory.

21. The outside surface temperature distributions at 69
yaw and 0° to 180° roll are presented in Figure 17. These
data have been normalized and were used to calculate the
local heat-flux distribution, The procedure used to
normalize the data is described in Appendix A, Only the
results at My = 4,84 are presented because the M; = 3.24
data could not be normalized (see Paragraph 8), However,
steady-state conditions did exist for the measurements
made at M; = 3,24 for each B position,

22, Figure 18 presents the local heat-flux distribution
over the sphere-cone model at 6° yaw and 0° to 180° roll,
These data are compiled in Table VIII. The local heat-flux
ratio at 6° yaw shows the same trend as the 00 yaw distri-
bution; however, the effect of yaw is clearly shown. The
Q/Q decreases fairly uniformly as the measuring station

moves from windward to leeward (from B = 0° to 1809°),

23, Figure 19 compares the 0° yaw data with the data for

60 yaw in terms of Nu/ 4/ Re. The effect of yaw is most
pronounced on the conical portion of the body. On the
windward streamline there is a maximum increase ot ap-
proximately 100 percent as compared to the a = 0° data in

the local heating rate. The zero-yaw data nearly coincide
with that for a = 69, B = 900 which substantiates the results
of reference (p), namely, that there is neglible angle-of-
attack effect on the hLeat transfer in the 8 = 90° plane for

small a's,

24, The angle-of-yaw data of the present investigation are
compared with those of reference (p) in Figure 20, The data

of reference (p) were obtained with a slightly different

model configuration (see Paragraph 20) at a = 59 and M; = 6.0

as compared to @ = 69 and Mj = 4,8 for the present investigation,
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These things being cousidered, the results are in sub-
stantial agreexzent.

CONCLUDING REMARKS

25. Pressure and heat-transfer distributions were obtained

on a sphere-cone configuration at Mach nuanbers of 3.24 and
4.84 at a = 0° and 6°, From this investigation, the following
conclusions may be drawn.

a. The method presented herein to determine the heat
transfer to a body at angle of yaw yielded very good results
over the range of parameters considered for this investigation.
Consistent and reliable results are obtained because the
present method eliminates several of the troublesome in-
herent difficulties of the transient type methods, namely,
the assumptions of only normal heat flow and infinitely fast
temperature recorder response as well as the troubles
associated with the determination of slopes of experimental
data curves.

b. The newly developed theory of Powers and Krahn can
be used to predict heat transfer to blunt bodies if one has
an accurate determination of the velocity gradient.

c. The exis.ence of maximum heat flux in a region away
from the stagnation point has been detected and should not
be ignored. Further investigation of this phenomenon, in
view of these results, is certainly warranted.

d. The small angle of yaw considered, 69, resulted
in an increase of approximately 100 percent in the 1local
heat-transfer rate on the windward streamline on the cone
as compared to the zero-yaw case.

e. The pressure distribution along the sphere-cone
model at zero angle of yaw can be adequately predicted by
the Newtonian method. However, this same method yields
results as much as 16 percent higher than experiment on the
spherical portion of the body at 6° angle of yaw.

f. Both the pressure-distribution data and the heat-
transfer data are in substantial agreement with other
experimental results.



(a)

(b)

(c)

(d)

(e)

(1)

(g)

(h)

(1)

(J3)

(k)

NAVORD Report 6812

REFERENCES

Robinson, H. E. and Watson, T. W., "Thermal Conductivity
at Low Temperatures of Types 316 and 347 Stainless
Steels,'" NBS Report 5748, January 1958

Meek, P. P., "Aeroballistic Research Facilities,"
NOLR 1233, May 1959

Kendall, J. M., "Equipment and Techniques for Making
Pressure Measurements in Supersonic Wind Tunnels at
Mach Numbers up to 5,'" NAVORD Report 2580, 11 August 1952

Ames Research Siaff, "Equations, Tables, and Charts for
Compressible Fiow," NACA Report 1135, 1953

Kendall, J. M., "Portable Automatic Data Recording
Equipment (PADRE),'" NAVORD Report 4207, 24 August 1959

Sink, R. and Slocomb, G., ''The SADIC, A Precision
Analogue to Digital Converter,'" Consolidated Electro-
dynamics Corporation, Pasadena, California, 1951

Orlow, T. A., "Numerical Solution of LaPlace's Equation
for Various Three-Dimensional Regions with Axial
Symmetry,' NAVORD Report 6038, 22 January 1958

Redman, E. J. and Pasiuk, L., '"Pressure Distributions
on an ABMA Jupiter Nose Cone (13.3 Degrees Semi-Vertex
Angle) at Nominal Mach Numbers 5, 6, 7, and 8,"
NAVORD Report 4486, 27 September 1957

Winkler, E. M. and Danberg, J. E., "Heat-Transfer Charac-
teristics of a Hemisphere Cylinder at Hypersonic Mach
Numbers,'" NAVORD Report 4259, 11 April 1957

Stine, H. A. and Wanlass, K., '"Theoretical and Experi-
mental Investigation of Aerodynamic-Heating and Iso-
thermal Heat-Transfer Parameters on a Hemispherical
Nose with Laminar Boundary Layer at Supersonic Mach
Numbei1s,'" NACA TN 3344, December 1954

Cresci, R. J., MacKenzie, D. A., and Libby, P. A.,

"An Investigation of Laminar, Transitional and Turbu-
lent Heat Transfer on Blunt-Nosed Bodies in Hypersonic
Flow,' WADC TN 59-119, ASTIA Document No. AD 214617,

April 1959

10



(1)

(m)

(n)

(o)

(p)

NAVORD Report 6812

Crawford, D. H. and McCauley, W. D., "Investigation of
the Laminar Aerodynamic Heat-Transfer Characteristics

of a Hemisphere-Cylinder in the Langely 1ll-Inch
Hypersonic Tunnel at a Mach Number of 6.8,'" NACA TN 3706,
July 1956

Kuethe, A. M., Willmarth, W, W., and Crocker, G. H.,
"Stagnation Point Fluctuations on a Body of Revolution,"”
The Physics of Fluids, Vol. 2, Number 6, Letters to the
Editor, November-December 1959

Powers, J. 0. nd Krahn, E., "Heat-Transfer in Dissociated
Air by a Two-Thickness Integral Method. Part I: Stag-
nation Point Heat Transfer,'" NAVORD Report 6673,

24 September 1959

Hilsenrath, J., et al., '"Tables of Thermal Properties
of Gases,'" NBS CIRCULAR 564, November 1955

Zakkay, Y., '"Pressure and Laminar Heat-Transfer Results

in Three-Dimensional Hypersonic Flow,' WADC TN 58-182,
ASTIA Document No. 155 679, September 1958

11



NAVORD Report 6312
APPENDIX A
Data Normalization

l. The procedure used for normalizing is as follows:

a. A plot of inside and outside wall temperature versus
roll angle was made for each thermojunction location.

b. These data were fitted with various curves, i.e.,
straight line, cubic, etc.

After inspection of these fits, it was decided to use a
least square straight line to the test data for roll angles
from 159 .0 1659, i.e., to all data except the end n»oints
0° and 130°. The B = 0° and 180° data were omitted from
the least squares straight line computation because, with
the assump'ion of axisymmetric heat flow, the slope of the
T, versus B curve must equal zero at 8 = 0° and 180°. To

achieve this rounding off, the values of T, at B8 = 0° and
18300 were assumed to be equal to those computed for 8 = 5°
and 1759 from the least squares straight line fit. The
temperatures for B8 = 900 obtained from tiie straight line

fits were plotted as T versus S/R. After careful inspection,
these temperatures were shifted up or down the minimum amount
necessary to achieve a smooth curve. The corresponding B8 = 0©
and 1300 data were shifted exactly as were the B8 = 90° data.
Then the shifted 8 = 09 and 1809 data were also plotted as

i’ versus S/R., Further, a plot was made of the straight line
slopes versus S/R. By inspection of these three plots, the

B8 = 00 and 1800 data and the straight line slopes, all versus
S/R, a minimum change was made in the appropriate slopes in
order to achieve a smooth curve. This smooth curve provided
all the information necessary for obtaining the smoothed
temperature data used in the heat-transfer determination.
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FIG.4 PHOTOGRAPH OF THE DISASSEMBLED SPHERE-CONE
CONFIGURATION, STING, AND SECTOR
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FIG.5 SCHEMATIC DIAGRAM OF THE SET-UP OF THE EXPERIMENT
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FIG. I0 SURFACE TEMPERATURE DISTRIBUTICN OVECR
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